The family Bacillaceae constitutes a phenotypically diverse and globally ubiquitous assemblage of bacteria. Investigation into how evolution has shaped, and continues to shape, this family has relied on several widely ranging approaches from classical taxonomy, ecological field studies, and evolution in soil microcosms to genomic-scale phylogenetics, laboratory, and directed evolution experiments. One unifying characteristic of the Bacillaceae, the endospore, poses unique challenges to answering questions regarding both the calculation of evolutionary rates and claims of extreme longevity in ancient environmental samples.
The family Bacillaceae (domain Bacteria; kingdom Bacteria; phylum Firmicutes; class Bacilli; order Bacillales) ( Fig. 1 ) is a globally dispersed and phenotypically heterogeneous group of bacteria (1, 2) . It therefore follows that the family possesses a considerable evolutionary history for scientists to unravel. In recent years, the issue of evolution in the Bacillaceae has been probed from two directions. Some researchers have taken an ecological approach to understand the organisms' adaptive evolution to particular environmental niches; others have pursued a laboratory-based approach in which single laboratory strains are directed to evolve under particular conditions determined by the experimenter. Both approaches have yielded new insights. As in so many other facets of the biology of the Bacillaceae, most of our knowledge has been derived from the intense study of relatively few members of the family, most notably Bacillus subtilis (3, 4) . Much less information has been obtained concerning the vast majority of the Bacillaceae, prompting the present examination of diversity and evolution within this ubiquitous family. The present article builds upon previous reviews of the topic (5) (6) (7) (8) (9) (10) .
Additional information on the genomic diversity of spore-forming Firmicutes and on the ecology of the Bacillaceae can be found in articles by Galperin (480) and Mandic-Mulec et al. (481) .
SHORT HISTORY OF THE TAXONOMY OF THE BACILLACEAE
An extensive and excellent review on the taxonomy of the Bacillaceae was published recently (10) , so the topic will be covered here only briefly. Two representatives of the Bacillaceae, Bacillus anthracis and Bacillus subtilis, hold the distinction of being among the first systematically characterized bacteria. Ferdinand Cohn discovered sporulation in B. subtilis (11) and Robert Koch developed his postulates of infectious disease using B. anthracis (12) ; both bacteria continue to be studied intensely to this day (4, (13) (14) (15) . The discovery and description of these bacteria marked the first step toward classification of what we now know as the family Bacillaceae. The initial proposal of the genus Bacillus by Cohn in 1872 (11) , based on consideration of the cell shape, was followed by the adoption of the general term "bacillus" (derived from the Latin, meaning "little staff") to describe any rod-shaped bacterium.
Major advances in methodologies for bacterial taxonomy during the late 19th and early 20th century, including the development and use of various histological stains and metabolic tests, led to a system of taxonomic classification based on a combination of morphological, phenotypic, and metabolic characteristics, termed "phenetics." Based on their shared phenetic characteristics, the family Bacillaceae was first proposed in 1920 (16) and in 1923 was incorporated into the first edition of Bergey's Manual of Determinative (later Systematic) Bacteriology (17) . The family Bacillaceae was originally defined as "aerobic or facultatively anaerobic chemo-organotrophic Gram-positive rods that form endospores." From that point, as with all other bacterial families, the taxonomy of Bacillaceae has been shaped and reshaped numerous times as more knowledge has accumulated.
In the late 20th century, a fundamental shift occurred in our understanding of the evolutionary relatedness of microorganisms with the advent of molecular phylogenetics, also known as "cladistics" (18) . Grouping of the Bacillaceae by the use of 16S rRNA gene sequence comparison has gained increasing importance in taxonomy (19, 20) to the point that species and genera are now regularly defined de facto based on 16S rDNA identities of >97.5% and >95%, respectively (21, 22) . However, cladistic methods based on 16S rDNA sequences result in groupings that often differ from those generated by traditional phenetic taxonomy (10) , and phenotypes once considered characteristic of the Bacillaceae now appear outside the family. Even one of the major defining features of the Bacillaceae, the endospore, has lost its importance in 16S rDNA-based taxonomy, and numerous endospore formers have been placed into entirely different families, such as the Paenibacillaceae, Alicyclobacillaceae, Pasteuriaceae, or Sporolactobacillaceae. Conversely, in the family Bacillaceae there are exceptions to every benchmark characteristic originally listed in Bergey's manual, and now strict anaerobes (B. infernus), nonsporeformers (Falsibacillus, Marinococcus, Saccharococcus spp.), non-rod-shaped cells (Marinococcus, Saccharococcus spp.), and Gram-negative-staining bacteria (Filobacillus, Halobacillus, Lentibacillus spp.) are included in the family (10, 23) . This disparity between cladistic and phenetic taxonomy persists because opposing forces strengthen each approach. The goal of cladistics is to create a phylogeny that consistently reflects evolutionary relationships. However, for practical purposes, it is often useful to identify a microorganism as distinct from close relatives, based on its impact on human activities. For example, B. anthracis, Bacillus cereus, and Bacillus thuringiensis have long been considered as three separate species based on phenetics, despite the fact that by 16S rDNA cladistics they form a single species (24) . The recent application of affordable, high-throughput whole-genome sequencing technologies to the taxonomy of the Bacillaceae may well yield phylogenomic classifications that deviate even further from those that take into consideration phenotypic characteristics of historical and practical importance. To address these challenges, the current trend in taxonomy is to use a polyphasic approach that includes cladistic, phenetic, and ecological considerations.
PHENOTYPIC DIVERSITY AND EVOLUTION
The bulk of our knowledge regarding phenotypic diversity in Bacillaceae comes from laboratory studies of species in pure culture. Early phenetic studies (based on Gram-positive rods that sporulate) showed that their metabolic capabilities were vast. Species of the Bacillaceae were found to be quite diverse in their (i) sites of isolation, (ii) abilities to grow anaerobically, (iii) cell wall and membrane lipid compositions, (iv) production of fermentation products from a variety FIGURE 1 Taxonomic position of the Bacillaceae reconstructed from 16S rDNA data posted in the Ribosomal Database Project Release 10 (http://rdp.cme.msu.edu/) (177) . doi:10.1128/microbiolspec.TBS-0020-2014.f1 of sugars, (v) hydrolysis of casein, gelatin, and starches, (vi) utilization of citrate and/or propionate, (vii) salt tolerance, (viii) motility, (ix) spore shape and placement, and (x) growth ranges of temperature and pH (23) . The phenotypic diversity exhibited by the family Bacillaceae has resulted from approximately 2 billion years of evolution (25, 26) . The basal position of the Firmicutes in the bacterial tree of life suggests that Bacillaceae is an ancient family (2) that may have ancestrally been entirely thermophilic (27) . Exciting new genome data collected from members of this family have shown that, although over 19,000 gene families are found within 19 species, only 814 orthologous genes are shared between all of those species' genomes (28) . This small number of shared "core" genes is even more surprising when we consider that the average number of genes in each genome was almost 5,000. These core genes are predominantly housekeeping genes that include the majority of those found to be essential when knocked out in B. subtilis (29) . The widely varying "accessory" genome highlights the diverse environments that are encountered by Bacillaceae. They have been found in nearly every environment on Earth (Tables 1 and 2) , and new members are continually being discovered from the exploration of increasingly novel environments such as arsenic-rich Mono Lake (30), Tunisian oilfields (31), subterranean brine (32) , and rock wall paintings (33) .
Although Bacillus spp. were first isolated from the human gastrointestinal (GI) tract in the early 20th century (B. alcalophilus, B. badius, B. flexus) (34, 35) , only recently has the human GI tract been explored in detail as an environment in which Bacillaceae are found. In sampling for the occurrence of Actinobacteria in dried fecal samples from 10 volunteer donors, it was discovered that 81 of 124 isolates in fact belonged to the Bacillaceae (36) . Bacillus clausii and Bacillus licheniformis were found in the majority of donors, with Lysinibacillus, Ureibacillus, Oceanobacillus, Ornithinibacillus, and Virgibacillus spp. also found at lower frequencies (36) . Many of the isolates exhibited antimicrobial activity against one or more strains of Clostridium difficile, Clostridium perfringens, Listeria monocytogenes, and Staphylococcus aureus, which would be important for exclusion of competitors in the GI tract. Additional experiments measuring the adherence of the isolates to cultured human cells indicated that many of these strains have the potential for colonization of the GI tract, and were probably not simply passing through (36) .
The information collected from environmental sampling is substantial, but deriving environmental prefer-ences and global patterns of distribution of Bacillaceae from such data is still a difficult endeavor. As is the case with prokaryotes in general (37) , obstacles in uncovering biogeographical trends include: (i) the lack of a generally accepted definition of what constitutes a microbial species ([38] ; see also http://www.bacterio .cict.fr/); (ii) the lack of standardized descriptions of environments; (iii) difficulties in cataloging groups with such great diversity inherent to large populations with rapid growth rates; and (iv) the limited knowledge about the set of physiological activities exhibited by Bacillaceae in their natural habitats (39) . Nevertheless, metagenomic and bioinformatic approaches have enabled the identification and quantification of Bacillaceae within various microbial communities. Tamames et al. (37) analyzed the complete set of 16S rDNA sequences obtained from environmental samples stored in the GenBank database and assigned them into a hierarchical classification of environments. The results support a cosmopolitan distribution of the Bacillaceae and actually found the genus Bacillus to be the second most abundant genus in the data set (37) . It should be noted that the numbers and variety of Bacillaceae represented in metagenomic data sets are likely to be underestimates, because commonly used DNA extraction kits are usually unable to efficiently lyse spores (40) .
How do Bacillaceae come to occupy this diversity of environments? For the spore-forming genera, the spore is an ideal vehicle for widespread dispersal via air or water currents (6, 41, 42) , and doubtless the spore has played a major role in establishing the ubiquity of the family. Indeed, spore-forming bacteria have been shown to dominate communities of bacteria isolated from air (43) (44) (45) , regardless of time of year (46) . As DNA-based studies continue to address microbial dispersal through the atmosphere (43), we will learn more about the aerial dispersal of Bacillaceae into novel environments.
However, as pointed out by Priest (20) , the resistance, longevity, and widespread dispersal of spores make it uncertain whether spores found in environmental samples actually live in and contribute to the environment, or have just accidentally accumulated; for example, see reference 47. Moreover, DNA-based studies are complicated by the relative stability of DNA in the environment, such that DNA from long-dead cells may contribute erroneously to abundance estimates (48) . In addition, searches for microbes in increasingly novel or extreme environments, and the creation of new species often based on a single isolate (10), can often leave it unclear whether a newly described isolate actually lives in a particular habitat or was just an adventitious spore landing in that location (20) . Nonetheless, in cases where phenotypes measured in the laboratory are consistent with the sampling site, we can be relatively confident that species are active members in the habitat from which they were isolated; for example, Halobacillus, Salibacillus, and Salimicrobium spp. are isolated from saline environments, and Geobacillus spp. are isolated from thermal environments. Also, experiments demonstrating the growth of vegetative cells in soils, in animal GI tracts, and on plant roots suggest that Bacillaceae are not necessarily just passersby at their sites of isolation (49) .
SPORULATION AND GENETIC EXCHANGE
Although the ubiquity of Bacillaceae speaks to their physiological diversity, one of the most striking variable phenotypes is the ability to form spores. Early species descriptions required spore formation for inclusion in the Bacillaceae, but newer taxonomic outlines that rely more on cladistic than phenetic data have redefined the family to include nonsporeformers, as mentioned above. This raises the question of whether these lineages were ancient sporeformers that have lost the ability to sporulate, or whether sporulation has evolved independently in multiple lineages of Firmicutes. Within the currently accepted 16S-based taxonomic outline, the non-sporeforming lineages do not form a tight cluster but are instead dispersed within spore-forming lineages (50), indicating that sporulation was gained or lost multiple times. But given (i) the developmental complexity of sporulation, (ii) the large numbers of genes involved in sporulation and germination, and (iii) their widely scattered locations on the chromosome, it is difficult to imagine gain events being so numerous; thus, it is most parsimonious to hypothesize that sporulation has likely been lost several times during the evolution and divergence of Bacillaceae lineages (51). This hypothesis must be qualified by the potential for misdiagnosing sporeformers as nonsporeformers, because we know little or nothing about the spore-forming capability of most species of Bacillaceae in their natural habitats (28, 52, 53) . In addition to the presence or absence of spore formation, the shape and placement of the developing spore are known to be variable and were early diagnostic tools for species classification. Spores may begin forming in the terminal, subterminal, or central region of the cell and may take on an ellipsoid or spherical shape. Unusual spore phenotypes have also been discovered, including the cherrylike spores of Cerasibacillus (the "cherry" Bacillus) (54) and the budding out of sporelike resting cells in the filamentous Bacillus sp. NAF001 (55) . Additional genome data, along with comparative studies in the laboratory and the field, will no doubt reveal even greater diversity in spore formation. From the evolutionary perspective, the widespread distribution of spores can be viewed as a driver of evolution within the Bacillaceae. When nutrients become exhausted in a particular environment, spore-forming species respond by producing metabolically dormant endospores that exhibit a high degree of resistance to environmental insults (41, 42) . Spores can be transported by water or wind to distant sites, and during these sojourns spore DNA is subjected to various mutagenic damages induced by exposure to heat, desiccation, oxidants, or solar UV radiation (41) . Subsequent germination of spores in new environments exposes them to novel environmental pressures that select for mutants exhibiting higher fitness, leading to subsequent local adaptation of the population.
Horizontal gene transfer can also accelerate evolution, and the Bacillaceae are replete with mechanisms that result in the exchange of genes. Phage-mediated genetic exchange via either generalized or specialized transduction has been demonstrated in numerous members of the family (B. anthracis, B. cereus, B. subtilis, Bacillus megaterium, Bacillus pumilus, B. thuringiensis, Geobacillus stearothermophilus) (56-63). Conjugative transfer of plasmids and transposons among the Bacillaceae exhibits special promiscuity (see, for example, reference 64); on the other hand, fewer examples of conjugative transfer of chromosomal DNA markers have been documented (65) . DNA-mediated transformation within the Bacillaceae was first discovered in a few strains of B. subtilis (66) . However, genetic competence for transformation was not originally considered to be widespread among the Bacillaceae, perhaps because relatively few species had been tested, and the conditions for inducing competence in the laboratory were historically arrived at empirically (66) (67) (68) . This view is changing, partly as a result of recent wholegenome sequencing efforts, which have uncovered that competence (com) genes are widespread among the Bacillaceae. For example, a simple search of the NCBI protein database for homologues to ComK, the master competence regulator first identified in B. subtilis (69), revealed the presence of ComK homologues in no fewer than 26 species of Bacillaceae (Tables 1 and 2) , as well as numerous ComK homologues widely distributed throughout the families Listeriaceae, Planococcaceae, Staphylococcaceae, Streptococcaceae, and the class Clostridia (data not shown). Future genome-sequencing projects will no doubt reveal many more competence gene homologues. But does the existence of competence genes in a bacterial genome necessarily mean that the bacterium can be transformed? Many competence genes probably evolved for the uptake of DNA as a nutrient. Indeed, current evidence supports the evolution of competence as a means of obtaining food from the environment in times of nutrient stress, with the occasional recombination of some incoming DNA into the chromosome by the already-present DNA replication/repair proteins, resulting in genetic transformation (70, 71) . In support of the notion that competence genes found in bacterial genomes are in fact functional, recent work has shown that strains of B. subtilis and B. cereus that are not transformable in the laboratory, but that contain an apparently complete set of competence genes, can be induced to become transformable by transient overexpression of the comK master regulator gene under control of an IPTG (isopropyl-β-Dthiogalactopyranoside)-inducible promoter carried on an unstable plasmid (72) (73) (74) . Therefore, it appears that some members of the Bacillaceae are indeed capable of developing competence under certain laboratory conditions. These observations bolster the possibility that transformation in the Bacillaceae may be much more widespread in the environment than previously believed.
THE PROBLEM OF ANCIENT SPORES
Not only are spore-forming Bacillaceae capable of widespread spatial transport, they can in a sense travel across long spans of time, as bacterial spores are probably the longest-lived cellular structures known. Numerous reports have documented the isolation of ancient spores, ranging in age from hundreds to millions of years, from diverse environmental samples such as dried soil in herbarium collections, ancient soils or lake sediments, permafrost soils, ice cores, or the guts of fossilized bees trapped in 25-million-year-old amber.
(For an exhaustive list up to 1994, see reference 75.) More recently, in the year 2000, the discovery of Virgibacillus spp. isolate 2-9-3 was reported. This sporeformer was recovered from a halite (NaCl) brine inclusion within a 250-million-year-old primary salt crystal obtained from the subterranean Salado Formation near Carlsbad, New Mexico (76) . Such reports prompt the question: what is the limit on spore longevity? Reports of extraordinary spore longevity must first pass the inevitable hurdle of scientific critique; the more extreme the claim, the more severe the skepticism. Most criticisms rely on three basic arguments. First, it is argued that the organisms recovered may represent recent contaminants arising either from ineffective surface sterilization of the ancient sample, or from spores that have recently entered the ancient sample via microscopic fissures. While there is no way of completely eliminating this possibility, reports of rigorous sample selection criteria and sterilization control have been published for scientific scrutiny in the peerreviewed literature (77) (78) (79) (80) .
A second criticism of the validity of claims of ancient spores relies on the argument that biological molecules, particularly DNA, cannot survive for such extended periods of time (80, 81) . Often quoted as substantiating evidence for this contention is a landmark review by Lindahl (82) describing the various weaknesses in the chemical structure of DNA that render it susceptible to spontaneous degradation. This particular criticism overlooks several factors. (i) The bulk of DNA sensitivity studies were performed on naked DNA in aqueous solution, not on DNA within spores; in fact, Lindahl stressed that DNA packaged in spores is well protected from degradation (82) . A substantial literature documents the fact that DNA in bacterial spores is indeed in a much more protected and long-lived state than naked DNA, due to well-described molecular mechanisms for spore DNA damage protection and repair (41, 42, 83) .
(ii) It is currently unknown what effect the medium in which spores were trapped (e.g., soil, rock, ice, amber, brine) would exert on either slowing or accelerating the rate of molecular degradation. For example, it has been suggested that one factor limiting the longevity of spores entrapped in brine inclusions is the radioactive isotope 40 K naturally present in brine, which may result in a radiation environment leading to the rapid fragmentation of DNA and accumulation of lethal "hits" in spores. The question whether the radiation environment prevailing inside subterranean brine inclusions limits spore longevity prompted modeling studies by two groups. One group concluded that the radiation environment was insufficient to fully inactivate spores after 250 Ma (84), while the other group concluded that spores exposed to ambient radiation in halite brine could not survive 250 Ma (85) . Using published spore thermal inactivation kinetics, one of us (W.L.N.) concluded that spore populations of mesophilic species stood a poor chance of survival for millions of years, whereas thermophilic spore populations might be predicted to survive such time scales with rather high probabilities (86) . In order to test the putative protective effect of NaCl brine on spore longevity, we recently measured the thermal inactivation kinetics of B. subtilis 168 spores, suspended either in distilled water or in saturated NaCl, and extrapolated the resulting decimal reduction times (D values) to an ambient temperature of 25°C (Fig. 2) . The resulting data clearly showed that spores in saturated NaCl were inactivated ∼10-fold more slowly than spores in water. However, extrapolation of the curves to 25°C indicated that spores in water and brine exhibited D values of ∼1.1 × 10 6 min (∼ 2 years) and ∼1.05 × 10 7 min (∼20 years), respectively (Fig. 2) , both of which are much too short to result in significant survival of a spore population for 250 million years.
A third criticism against the existence of ancient spores has come from molecular phylogenetic analyses, using either 16S rDNA sequence comparisons (76, 78) or comparisons of the deduced amino acid sequences of conserved protein-coding genes such as recA and splB (87) . In all cases tested, sequences from the putative ancient sporeformers turned out to share considerable similarity to those of extant species (Lysinibacillus sphaericus in the case of the amber isolate; Virgibacillus marismortui in the case of the brine isolate). These observations have been used to argue that, because the DNA sequences of the "ancient" sporeformers closely matched those of "modern" bacteria, the isolates themselves must also be "modern" (81, 88) . This third criticism highlights a fundamental problem with assigning absolute ages to microbes based on cladistics. In the absence of a microbial fossil record that can be linked to the geologic record, bacterial phylogenetic trees are constructed from the DNA of extant species; thus only relative, not absolute, ages for bacteria can be inferred (89) . In an attempt to compensate for this deficit, various algorithms have been devised to transform percentages of nucleotide or amino acid similarity into "evolutionary rates" for bacteria. Such rates are valid only for the particular system under study and are much more accurate when supported by a true fossil record. Very few microbial systems exist that meet these criteria. For example, studies using the aphid endosymbionts Buchnera spp. are able assign molecular evolutionary rates with a rather high accuracy because they are externally supported by, and calibrated to, the aphid fossil record (90) . But, in the absence of a reliable fossil record, "no gene, nor class of sites within genes, can serve as a reliable molecular clock for bacteria," and, furthermore, "no single evolutionary rate can be applied across diverse bacterial lineages or over broad evolutionary periods" (89) . In particular, free-living, spore-forming Bacillaceae are subjected to a "feast or famine" existence and while in the spore state may not experience a single chromosomal replication event for years, decades, or centuries at a stretch. Thus, it is probably impossible to calculate a reliable molecular evolutionary rate for sporeformers. Due to the very fact of dormancy, it was thought that sporeformers may exhibit a lower overall rate of evolution than do enteric bacteria (87) , but this would be very sensitive to the amount of time spores spend dormant, as spore-forming and non-spore-forming lineages could have equal rates of evolution even if sporeformers spent 10 to 30% of their time as dormant spores and if substitutions were equally as likely to occur during DNA replication or via other mutational processes (51) . Indeed, an attempt has been made to test the hypothesis that spore-forming bacteria evolve more slowly than related non-spore-forming bacteria by comparing inferred rates of amino acid substitution between those two groups, and no difference in rates was detected ( [91] ; but see reference 2). However, the time scale in this study was constructed from evolutionary events not related to the Firmicutes, again illustrating the difficulties and drawbacks of estimating evolutionary rates for the Bacillaceae in the absence of a fossil record for these organisms.
Indeed, the very concept of "modern" versus "ancient" bacteria can itself be called into question. Due to the cyclic geological processes of weathering, sedimentary deposition, compression, and uplift, soil is constantly formed from rock by erosion and ultimately compressed back into rock. Thus, it is reasonable to presume that subsurface endolithic spore-forming bacteria of indeterminate ages are constantly being exposed in soil at the Earth's surface, being distributed over the surface on dust particles and in water, and ultimately reentering the soil and bedrock by percolation and sedimentary deposition. Given these cyclic conditions, is a newly isolated bacterium "modern," thus a standard for comparison with a putative "ancient" bacterium, just because we humans obtained it from the environment yesterday? 
THE ECOLOGICAL APPROACH TO STUDYING EVOLUTION IN BACILLACEAE
The evolution of any bacterial species depends on its environment: which abiotic and biotic factors influence survival and reproduction? Identifying ecological components of fitness and the ways in which they contribute to local adaptation is incredibly difficult in bacteria, for the same reasons as discussed in the context of biogeography above. Despite these limitations, advances in technology are enabling us to reach a more profound understanding of the ecology and evolution of the Bacillaceae. Ecological approaches to understanding evolution in Bacillaceae can be categorized into two basic methodologies: (i) sampling natural populations for culture and analysis in the laboratory, and (ii) describing natural populations based on genetic data obtained in situ. Most studies have combined these approaches in different ways to address questions of adaptation to abiotic and biotic factors.
In its simplest form, the evolution of prokaryotes can be viewed as a clonal process; i.e., haploid bacteria undergo binary fission, variability within a population arises from random spontaneous mutations, and horizontal gene transfer does not occur. In cases that have been studied, some bacteria such as Escherichia coli and Salmonella enterica serovar Typhimurium tend to conform to this general "clonal" pattern of evolution (92, 93) . However, studies of natural populations of B. subtilis in Sonoran desert soils revealed evidence of extensive genetic exchange (94), distinct from the "clonal" paradigm observed in enteric bacteria and suggesting that horizontal gene transfer and recombination were driving genetic variability in natural B. subtilis populations.
The most impressive studies addressing the ecology of Bacillaceae have been performed at two field sites: Evolution Canyons I and II in Israel, and Death Valley in California, USA. Evolution Canyons I and II are two eastwest running canyons separated by ∼40 km, in which the north-facing slopes receive less direct sunlight than the south-facing slopes. Although the opposing slopes of each canyon are separated by only tens to hundreds of meters, the resulting environments of the two slopes differ markedly (95) . In the Evolution Canyons, researchers have isolated strains of Bacillus simplex at locales known to differ in their abiotic characteristics such as UV intensity, temperature, and soil composition (96, 97) . Measurements of survival under UV, mutation rates, and high-temperature growth in the laboratory showed strong correlations between the environment at the site of isolation and the phenotype of the bacterial isolate, indicating local adaptation to prevailing conditions. These were not merely physiological adaptations: B. simplex strains isolated from the same slope of Evolution Canyons I and II, at geologically distant sites, were found to be more genetically similar than strains isolated from opposite slopes within the same canyon (96) .
Local adaptation to particular environments was also found in strains within the B. subtilis-B. licheniformis clade isolated from shaded versus sun-exposed areas of Death Valley, CA (98) . It was demonstrated that ecotypes with more warm-adapted membrane fatty acid profiles were isolated more frequently from sites with greater solar exposure. The researchers used genetic data obtained from these strains to test the "ecotype formation" model of evolution (99) and found that, indeed, many "hidden" ecotypes were present in the strain samples (98) . The existence of these hidden ecotypes suggests that the diversity within Bacillaceae is even greater than previously imagined.
Although there is much to be learned by the ecological studies just described, many researchers have also taken high-throughput approaches to identify potential interactions between bacterial species. Shank et al. (100) screened for interactions between B. subtilis and numerous soil isolates of multiple bacterial families to identify which species interactions resulted in the production of biofilm matrices. Interestingly, the microbes that were most able to drive the expression of biofilm matrices were other members of the genus Bacillus (100). A genomic approach to identifying species interactions was used by Hooper et al. (101) , assuming that genomes sharing horizontally transferred transposase genes must have coexisted in nature at some point in time. Although in the case of Bacillus most of the inferred interactions tended to be with other Bacillus species, many interactions were also proposed between Bacillus species and Escherichia, Shigella, Clostridium, Klebsiella, Salmonella, Yersinia, and Coxiella spp. (101) . Yet another study used a high-throughput automated literature-mining approach to identify potential coexisting species (102) . Similar to the results using genomic transposases, Bacillus species were often "found" together or with Clostridium, Enterococcus, Listeria, Lactobacillus, Pseudomonas, Staphylococcus, and Vibrio spp. (102) . These high-throughput approaches agree in their findings that Bacillus species are likely to interact with each other in nature, where in combination they may express particular phenotypes enhancing their colonization and survival in different niches.
Some of the most fascinating windows into the ecology of the Bacillaceae have come from simply examining the biology of organismal consortia. One recent example is the identification of Bacillus spp. as mutualists of termites (103) . Not only did the Bacillus spp. help the termites maintain their cellulose-rich diet, they also helped suppress "weed" fungi from invading the fungus gardens grown by the termites for nitrogen (103) . Bacillus spp. were abundant within the fungus gardens and the termite guts, resulting in a constant source of beneficial bacteria for the termite. Although the presence of Bacillus spp. would have been detected in termite guts and fungus gardens by using purely DNA-based approaches, subsequent laboratory experiments were essential to identify these interactions as beneficial or detrimental. The inability to culture many species has typically hindered such experiments in the past, causing us to rely on DNA-based studies, but new approaches to culturing "unculturable" microbes show promise (104) .
EXPERIMENTAL EVOLUTION
Evolution can be observed in real time by using laboratory populations of bacteria owing to their short generation times, large population sizes, and ease of experimental manipulation. Important evolutionary parameters, including mutation rates, effective population size, fitness trajectories, and quantitative measures of specific traits, are relatively easy to measure in bacterial populations (105, 106) . As usual, most laboratory evolution studies in the Bacillaceae have centered on the model laboratory organism B. subtilis.
The first laboratory evolution experiments date back to the 1970s, when Graham and Istock began to investigate the role of genetic exchange during B. subtilis evolution in soil by cultivating pairs of genetically marked strains in presterilized soil microcosms. They first observed genetic exchange of markers between the two input strains, leading to new recombinants in addition to the parental strains (107) . In subsequent experiments, they observed that certain recombinant phenotypes eventually came to dominate the mixed-soil populations, thus demonstrating that not only do genetic exchange and recombination occur in B. subtilis growing in soil, but the process can lead to a rapid increase in fitness (108, 109) . As noted in the previous section, extensive genetic exchange was later shown by Istock et al. (94) to occur also in natural Sonoran desert soil populations of B. subtilis.
In the year 2000, we began to take a laboratory approach to explore the role that stringent or relaxed selection for sporulation plays in the evolution of spore-forming bacteria. We designed a long-term evolution experiment using genetically marked congenic strains of B. subtilis. Five batch cultures were propagated in a complex nutrient broth-based liquid medium that induced sporulation (Sporulating, or S populations), and five cultures in a similar medium that repressed sporulation with 1% (wt/vol) glucose (Repressed, or R populations). At daily intervals we simply diluted the five R populations 1:100 into fresh repressing medium, but subjected the five S populations to heat shock (80°C, 10 min) to select for spores before diluting them 1:100 into fresh sporulation medium (110) . We continued this regimen for 6,000 generations, stored frozen aliquots of each culture at 50-generation intervals, and tracked the evolution of these cultures by using a variety of methods ranging from simple observations and phenotypic tests to population genetic and whole-genome techniques (110) (111) (112) (113) (114) (115) (116) (117) .
We observed a number of interesting events during the evolution of these populations. First, we noted that very rapidly, within 100 to 200 generations, both S and R populations began to exhibit a large diversity of colony morphotypes (which subsequently declined in later generations), and we observed sporulation-defective (Spo − ) colonies arising in the R populations. These observations suggested to us that the populations were undergoing rapid diversification, consistent with a rise in mutation rate. By performing fluctuation tests, we were able to confirm that indeed the mutation rate in the evolving populations was increasing by as much as 1 to 2 orders of magnitude (110) . At present, the exact mechanism of increased mutation rate in the evolving cultures is unknown but is likely similar or identical to that underlying the well-studied phenomenon of stationaryphase mutagenesis observed in B. subtilis cells subjected to nonlethal stress (118) (119) (120) (121) (122) (123) (124) (125) .
Competition experiments showed that, over the course of their evolution, both S and R populations gained in fitness over the ancestral strain, in part due to their faster exponential growth rates and shorter lag periods in their respective media (110) . In addition, over the course of evolution, both S and R populations accumulated auxotrophic mutations (110) , whereas only R populations accumulated mutations in spo genes rendering cells Spo − (112). In short, both S and R populations generated diversity via an increase in mutation rate and evolved higher fitness in their respective environments by accumulating mutations that (i) decreased the lag time involved in adjusting to fresh medium, (ii) increased their exponential growth rates, and (iii) inactivated biosynthetic pathways not needed for growth in complex medium (110) . In the case of R populations, mutations accumulated that inactivated the sporulation pathway, as sporulation was no longer being actively selected for in these cells.
We became intensely interested in pinpointing and understanding the changes in the B. subtilis genome responding to stringent or relaxed selective pressure for sporulation, and we were greatly aided in this effort by the fact that, in the early years of the 21st century, genomic-scale technologies had become increasingly affordable for single laboratories. We thought that the propagation of B. subtilis for several thousand generations in a relatively predictable environment might result in "reductive evolution" or "genomic erosion," i.e., loss of large dispensable regions of the genome (126) . We tested this notion by labeling chromosomal DNA from all 10 evolved strains at generation 6,000, probing DNA microarrays made from ancestral strain 168, and looking for spots with decreased fluorescent intensity (114) . No loss of genomic DNA was detected in any of the five S populations or three of the R populations. But a deletion of ∼10 kbp was detected in two of the R populations, corresponding to loss of the nonessential ppsC and ppsD genes of the ppsABCDE operon encoding the lipopeptide antibiotic plipastatin (114) . Deletion of these two genes had also been reported in B. subtilis laboratory strain PY79 during its descent from ancestral laboratory strains 168 and W23 (127) . We showed that the ppsCD deletions likely occurred by recombination between direct repeat regions embedded within the operon (128) . Thus, most of the mutations leading to the observed adaptive phenotypes over 6,000 generations were not due to gross genomic losses, but more likely due to small changes in the genome, such as single-nucleotide polymorphisms (SNPs) or small insertion/deletions (InDels) (128) .
In nature, Bacillaceae must be able to deploy a large host of functions in order to cope with a constantly changing environment, a concept known as phenotypic plasticity. Using DNA microarrays, we observed that descendants from R populations in particular had lost plasticity in their ability to alter their global transcription patterns in response to growth in the sporulationinducing environment (128) . This finding, coupled with the greater fitness of R populations in sporulationrepressing media, indicated that the populations were evolving from generalists into niche specialists (128) .
About 1,000 to 2,000 generations into the evolution experiment, we were fortunate to actually watch an evolutionary sweep happen as it occurred. In four of the five R populations, a distinct small-colony morphotype arose and swept through the populations within a few hundred generations (115) . In addition to their smallcolony morphologies, all of the new variants grew to a higher cell density in sporulation-repressing medium and exhibited altered phenotypes such as cell filamentation and/or loss of motility (115) . In order to perform more detailed analysis, we isolated a strain from the postsweep event in one of the R populations (strain WN716), and, going back to our frozen stock collection, we also isolated a strain typical of the same population before the sweep (strain WN715).
Pairwise competition experiments proved that postsweep strain WN716 had indeed gained a large competitive advantage over both the ancestor and the presweep strain WN715; in mixed culture, postsweep strain WN716 grew at a faster exponential growth rate and continued to grow in postexponential phase, while presweep strain WN715 dramatically lost viability during this phase (115) . We used microarrays to compare the transcriptome profiles in early postexponentialphase cultures of strains WN715 and WN716 cultures to identify differentially transcribed genes. We found that the operons encoding pyruvate dehydrogenase and purine and pyrimidine biosynthetic pathways were transcribed at higher levels in postsweep strain WN716, as well as numerous genes involved in adaptation to stress. The data are consistent with WN716's continued growth and its response to some (at that time, unidentified) stress in the postexponential phase (115) . At the same time, we found decreased transcription in strain WN716 of numerous operons encoding autolysins, flagella and chemotaxis functions, membrane-associated transporters and cytochromes, sporulation initiation, competence, extracellular enzymes, and antibiotic production. These data were consistent with the filamentous and nonmotile phenotype of strain WN716, as well as with a defect in its activation of transition-state functions in favor of continued growth in the postexponential phase (115) . We were intrigued by the observation that in postsweep strain WN716 transcription of the alsSD operon, responsible for acetoin fermentation, was among the most severely downregulated, and that as a result strain WN716 had switched its fermentation pattern from the production of acetoin to acetate, with concomitant lowering of the medium pH from 7.0 to ∼4.5 (115) . This observation suggested that acid stress was the environmental condition to which WN716 had evolved resistance and which presweep strain WN715 lacked. Taken together, the data suggested that the increased fitness of WN716 was not due to a single mutation, but that a number of changes must have occurred during its evolution in order to result in its complex alteration of multiple phenotypic traits.
In order to understand the exact nature of the adaptive changes that had occurred during the evolution of strain WN716, we embarked on a genome-sequencing project in which we performed comparative sequence analysis of the genomes of the ancestral strain, presweep strain WN715, and postsweep strain WN716 (116) . We found a total of 34 SNPs and +1 insertions in coding regions of known annotated genes, and 11 SNPs in intergenic regions, that had occurred in the short time (∼460 generations) that had elapsed during the population sweep between WN715 and WN716. One of these mutations was found to be a nonsense mutation predicted to inactivate the extracytoplasmic factor (ECF) sigma factor SigW, which controls a small regulon whose members are involved in resistance to membranedamaging agents and bacteriocins, and another mutation was found in the alsR gene, the positive transcriptional regulator of acetoin fermentation (116) . Although the loss of motility and chemotaxis in strain WN716 likely contributed to its increased fitness, and multiple motility/chemotaxis operons were downregulated, we failed to find any mutation in the motility-specific sigma factor SigD (115, 116) .
We directly tested whether the inactivation of these pleiotropic regulators was indeed responsible for the increased fitness of strain WN716 by constructing strains carrying insertional knockout mutations of the alsR, sigW, and sigD genes singly and in all possible combinations in ancestral strain WN624, then testing their relative fitnesses in pairwise competition experiments versus the ancestor (117) . Each knockout mutation tested was observed to cause an incremental increase in fitness, and the triple alsR sigW sigD mutant displayed the highest degree of fitness increase compared with ancestral strain WN624 (relative fitness of 1.130 + 0.013). However, the triple mutant still did not achieve the dramatic increase in fitness displayed by strain WN716 itself (relative fitness of 1.322 + 0.003) (117) . Therefore, using the genomic approach, we were able to uncover some, but not all, genetic factors responsible for the increase in WN716's fitness.
LABORATORY DOMESTICATION IN BACILLACEAE
In the laboratory evolution experiment above, we saw that continual propagation of a microbe under a specific set of conditions will lead to its genetic adaptation toward optimization of growth under those conditions. In fact, the very act of bringing environmental isolates of bacteria into the laboratory for either practical use or detailed study inevitably begins an evolutionary pathway in which the actions of the experimenter serve as agents of selection, a process termed domestication. In recent years, B. subtilis has become a rather wellstudied example of certain aspects of the domestication process, mainly owing to its century-long heritage as an experimental organism and the existence in stock collections of numerous B. subtilis strains that have undergone varying degrees of domestication (127, 129) .
Some hallmarks of bacterial domestication are genome decay, loss of pathways, horizontal acquisition of genomic elements, and accumulation of mutations that provide a growth advantage in nutrient-rich environments (130) . In many cases, selection is imposed by the experimenter, consciously or unconsciously, in striving for strains that "behave" in culture (such as those producing homogeneous, nonspreading, nonsticky colonies that grow rapidly in rich medium and which are easily manipulated). It has been documented that laboratory domestication in B. subtilis has led to the adventitious loss of some "wild" traits such as biofilm and fruiting body formation, surface swarming, and production of toxins (129, 131, 132) . In other instances, experimenters have deliberately mutated or deleted genomic regions in the course of strain development for particular research applications, including deletion of resident prophages (133) or inactivation of individual genes or entire metabolic pathways; see reference 4 for a sampling of examples too numerous to mention here. In short, the process of evolution continues even after strains are moved from the environment into the laboratory. By bringing Bacillaceae into the laboratory for more detailed study, we have undoubtedly learned a great deal more about their basic biology than we could have otherwise, but in so doing our experimental workhorses have become domesticated and have lost traits that are critical to understanding their original adaptation to life in the wild. Furthermore, during propagation in laboratories all over the world, even "benchmark" laboratory strains like B. subtilis 168, SMY, JH642, etc. have embarked on their own distinct evolutionary trajectories. Recent whole-genome sequence comparisons of the same strains obtained from different laboratories found that the number of nucleotide changes between strains to be few, but that some of these changes occur in genes that can lead to significant differences in isolate-specific phenotypes (134) .
DIRECTED EVOLUTION OF BACILLACEAE
Directed evolution is a method by which an experimenter (i) uses artificial means to generate diversity within a gene or pathway of interest, (ii) selects or screens for mutants exhibiting improvement in the desired trait, and (iii) amplifies and characterizes the desired mutant. The procedure can be reiterated any number of times. This approach traces its origins to the early domestication of microorganisms. Historically domesticated microbes such as the fungi and bacteria used in production of bread, cheese, beer, wine, and various fermented meat, dairy, and vegetable products (130) can be thought of as the results of directed evolution. Domesticated Bacillaceae are not commonly encountered in Western culture; however, various strains of Bacillus spp. (B. cereus, B. subtilis, B. licheniformis, B. pumilus) are widely used in preparation of traditional Asian fermented foods (e.g., natto, kimchi, douchi, jeotgali, thua nao, cheongkukjang, doenjang, kochujang) (135, 136) as well as traditional African fermented condiments (e.g., bikalga, okpehe, soumbala) (137) .
The application of scientific principles to the improvement of traditional fermentation processes constituted the origins of industrial microbiology (for an excellent popular review of the field from antiquity up to 1981, the reader is referred to reference 138). Members of the Bacillaceae (for example, Bacillus brevis, Bacillus circulans, B. licheniformis, B. subtilis, B. thuringiensis, G. stearothermophilus, and numerous taxonomically unidentified Bacillaceae) are widely used as important workhorses for the production of industrially important products. The details of these systems have been thoroughly reviewed (139) (140) (141) (142) (143) . Particularly important to the molecular biotechnology industry is the availability of host organisms that are well characterized, Generally Regarded As Safe (GRAS), and easily amenable to physiologic, metabolic, genetic, molecular biological, and genomic manipulation. Of all the Bacillaceae, B. subtilis possesses all of these qualities in spades; thus, it has become the premier Gram-positive microbe used in industrial biotechnology (143) .
Up to the present day, industrial microbiologists continue to take advantage of the traditional strategies of domestication, i.e., searching among environmental isolates for individual strains exhibiting desirable traits and then applying "classical" directed evolution methods for strain improvement. Such methods usually consist of some form of generalized mutagenesis followed by screening among the resulting population for mutants with enhanced yield of the desired product.
Throughout the 20th century, this basic procedure became gradually more subtle and powerful with advances in technology, and progress was greatly accelerated by the application of techniques for genetic transfer (transformation and transduction) to strain improvement. For example, the enzyme α-amylase is widely used in the food, brewing, and detergent industries (144) . To maximize amylase production in B. subtilis, a traditional strain development program, utilizing a combination of (i) screening Bacillus spp. strains obtained from environmental sources, (ii) nitrosoguanidine mutagenesis, and (iii) transformation of the desirable genes into a single strain, resulted in an increase of amylase production from 11 U/ml to 2,530 U/ml (145) .
With the advent of recombinant DNA technology starting in the late 1970s and continuing until the present, traditional industrial microbiology has morphed into the new field of molecular biotechnology (142, 146) , and directed evolution has become an integral part of this field. The experimenter no longer needs to use random mutagenesis of whole organisms in order to generate the diversity upon which natural selection acts. Enzymes, regulatory DNA circuitry, and indeed entire metabolic pathways can be rationally designed in silico and constructed in any variety of permutations by using in vitro site-directed mutagenesis, random PCR mutagenesis, DNA shuffling, and synthetic biology techniques. The number of ways in which mutant populations can be screened en masse for the desired phenotype or property is limited only by the experimenter's imagination. The final construct can then be easily delivered and optimally expressed within an industrially amenable host organism. Within the Bacillaceae are found numerous examples in which the modern directed-evolution paradigm has been used to improve the production levels or industrial properties (e.g., thermal or pH stability) of various industrially important enzymes such as αamylase (147), laccases (148, 149) , acidophilic enzymes (150), proteases (151) , endoglucanases (152, 153) and xylanases (154) . In addition, B. subtilis itself has also been exploited as a platform for industrial-scale production of many important products including vitamins such as biotin (155) and riboflavin (141, 156) ; D-ribose used in the synthesis of antiviral and anticancer drugs (157) ; lipopeptide antibiotics such as surfactin (158) and iturin (159) ; biopolymers such as poly-γ-glutamic acid (136) and polyhydroxybutyrate (PHB) (160); or lactic acid for synthesis of the bioplastic polylactic acid (PLA) (161) , to name but a few.
From the above discussion it can be seen that examples of the use of directed evolution in molecular biotechnology abound. However, the very same principles can be used to better understand the fundamental properties of microorganisms. For example, it is well established that prokaryotes, taken as a whole, can grow under an incredible range of physical extremes (temperature, pressure, pH, salinity, etc.), but that any individual microbe can only exist within a limited subset of this range. Hence, the microbial world consists (for example) of psychrophiles, mesophiles, thermophiles, and hyperthermophiles, each with its own characteristic range of growth temperatures. What are the underlying cellular and molecular mechanisms that dictate at which temperature, pressure, pH, or osmotic strength a prokaryote can grow? This question not only has implications for the biology of extremophiles on Earth, but also impacts studies of the physical limits at which life can exist in the universe. Two studies have recently been undertaken to explore the directed evolution of B. subtilis to growth under the harsh conditions prevailing on the planet Mars, which has been an exploration target of high interest to the life detection community throughout the late 20th and early 21st centuries (162, 163) .
Directed Evolution to UV Resistance
Mars suffers a high flux of biologically harmful (>190 nm) UV radiation owing to its thin, CO 2dominated atmosphere (164) . On Earth, in contrast, the interaction of solar radiation with our relatively dense oxygen-rich atmosphere causes the accumulation of stratospheric ozone, which only allows the passage of longer-wavelength UV (>290 nm). Studies were undertaken asking the question whether vegetatively growing B. subtilis cells could evolve higher resistance to UV if subjected to periodic episodes of selection by exposure to polychromatic UV (200 to 400 nm) (165) . Serial exposure of cells to UV over the course of 700 generations indeed led to a statistically significant 4.4-fold increase in resistance of vegetative cells to polychromatic (200 to 400 nm) UV and monochromatic (254 nm) UV, respectively (165) . Vegetative cells of the UV-adapted strains also exhibited significantly increased resistance to X rays, desiccation, and hydrogen peroxide, all of which treatments cause damage to DNA. In addition, spores of the UV-adapted strains were also slightly more resistant to 254-nm UV than were spores of the ancestor (166) . Taken together, the data suggest that the cells may have evolved a generalized upregulation of DNA repair capacity, but at present the molecular mechanism for this effect is unknown.
Directed Evolution to Growth at Low Pressure
Earth's mean atmospheric pressure at sea level is 1,013 mbar and ranges from ∼250 mbar at the top of Mt. Everest to ∼1,055 mbar at the Dead Sea. In contrast, the average atmospheric pressure at the Martian surface is ∼7 mbar and ranges from ∼1 mbar at the top of Olympus Mons to ∼10 mbar at the bottom of Hellas Basin (167) . Therefore, the atmospheric pressure on Mars is more than 2 orders of magnitude lower than that of Earth. Just as high pressures encountered in the ocean depths limit microbial growth to specialized piezophiles, low pressure has also been shown to be a factor limiting the growth of microorganisms normally adapted to grow at Earth-normal surface pressure. To date, the growth of several Bacillaceae (B. licheniformis, Bacillus nealsonii, B. megaterium, B. pumilus, and B. subtilis) has been shown to be inhibited at pressures below 25 mbar, 2 to 3 times above the highest pressure on the surface of Mars (168). Growth inhibition at low pressure was not merely caused by a lowering of the partial pressure of O 2 , as the medium used contained both a fermentable substrate (glucose) and an alternative terminal electron acceptor (nitrate) and four of the five species were facultative anaerobes (168).
We wondered if terrestrial bacteria could evolve the ability to grow at lower pressure, so we propagated B. subtilis WN624 (amyE::spc) in liquid medium for 1,000 generations at 50 mbar, a pressure just above its inhibitory growth pressure (169) . During the course of evolution, the population exhibited a stepwise evolution to better growth at 50 mbar, and we isolated a strain from the 1,000-generation culture, strain WN1106, which could grow to ∼2.5-fold higher cell density at 50 mbar than the ancestral strain WN624 (169) . In pairwise competition experiments, strain WN1106 readily outcompeted the ancestral strain at 50 mbar, but not at Earth-normal pressure (1,013 mbar). The growth advantage of WN1106 over ancestral strain WN624 at 50 mbar was not due to its better growth under oxygen limitation, because both strains grew equally under oxygen-limited conditions (169) . To identify genes whose expression responded to low pressure, we isolated RNA from both ancestral strain WN624 and low-pressure-evolved strain WN1106 grown at either 1,013 mbar or 50 mbar, then compared their expression levels in all combinations by using microarrays (170) . One set of transcripts seen at higher levels specifically in strain WN1106 cultivated at low pressure belonged to the des-desKR cluster of genes. The des gene encodes the major membrane fatty acid desaturase Des, while desK and desR encode the twocomponent kinase and response regulators, respectively, that regulate des transcription in response to changes in membrane fluidity brought about by temperature shifts (171) . We showed by both microarray analysis and quantitative reverse transcription PCR that des-desKR transcription in low-pressure-adapted strain WN1106, but not ancestral strain WN624, was strongly induced at low pressure (172) . However, oxygen deprivation did not affect des-desKR transcript levels of either strain. Pairwise competition experiments showed that strain WN1106 was significantly more fit at low pressure than the ancestor and that its fitness advantage was significantly reduced (but not completely abolished) by a Δdes::kan knockout mutation (172) . Piezophiles are known to respond to changes in pressure by altering the fatty acid composition of their membranes (173) . However, we found no differences in the membrane fatty acid compositions of the ancestral and lowpressure-evolved strains grown at a variety of low pressures (172) . In the case of B. subtilis it appears that low pressure is being sensed somehow, but that cells are unable to mount a favorable adaptive response. This may because Earth microbes have never experienced low-pressure environments during their evolutionary history.
CONCLUDING REMARKS
From their first appearance on our planet some 2 billion years ago, the Bacillaceae have evolved a dramatic diversification of capabilities and have conquered a majority of niches on Earth. Evolution of the spore has doubtless made a major contribution to their global success. The spore has also been seriously considered as an ideal package for the transmission of DNA beyond Earth. Since the 1960s, spores of Bacillaceae have been deliberately sent into low Earth orbit on various shortand long-duration missions (41, 174) , and even into lunar orbit on the Apollo 16 and 17 missions (175) . Furthermore, it is almost certain that spores have been launched as inadvertent contaminants of spacecraft and, to date, probably (i) have reached the surface of the Moon and Mars; (ii) are orbiting Jupiter and Saturn; and (iii) are on the verge of leaving our solar system entirely on the spacecraft Voyagers 1 and 2 (176) . Seen from this perspective, it is enticing to envision that Bacillaceae may well be the first terrestrial colonizers of extraterrestrial environments, thus extending life into undreamed-of niches. What a boon to evolutionary and environmental microbiologists of the future!
